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Introduction
Background
Images of Venus returned by the Magellan spacecraft reveal a plethora of volcanic landforms [Head et al., 1992] . In most cases, the morphology of these features seems consistent with formation by low-viscosity lavas, nominally assumed as basalt [Head et al., 1992] .
However, festooned flows [Moore et al., 1992] and over a hundred steep-sided domes [McKenzie et al., 1992; Pavri e! aL, 1992; Fink et aL, 1993] bear a superficial resemblance to structures that on Earth are formed from more viscous, silicic lava. These interpretations are not without controversy.
A major problem with a silicic interpretation for the domes is that they are much larger than silicic domes on Earth.
Their widths are up to 70 kin, and volumes range from -1-1000 km _ versus 2 km and 10-'_-0.1 km 3, respectively, for terrestrial domes [Pike, 1978] . It has been suggested that this is a consequence of the 90 bar pressure of the Venusian atmosphere, which should inhibit the exsolution of volatiles in volcanic rocks [Head and Wilson, 1986] .
Large volumes of volatile-rich silicic rock may therefore be preserved at the surface instead of being dispersed in volcanic eruptions, as they are on Earth [Pavri et al., 1992] . However, there is also evidence for a basaltic interpretation. The radar properties of the domes are unlike terrestrial silicic domes [Plaut et al., 1994] and are indistinguishable from the radar properties of the surrounding plains [Ford, 19941. It has
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been suggested that crystal-rich [Sakimoto, 1994; Sakimoto and Zuber, 1995] or vesicular [Pavri et al., 1992] [Bridges, 1994 [Bridges, , 1995 Sakimoto, 1994] . Both land [Pavri et al., 1992] and seafloor [Bridges, 1994 [Bridges, , 1995 Sakimoto, 1994] [Head and Wilson, 1986] and the seafloor [Moore, 1965 [Moore, , 1970 MacPherson, 1984] . For eruptions on land, the rise of magma toward the surface causes volatile nucleation into bubbles, followed by expansion [Wilson and Head, 1983; Head and Wilson, 1986] . If magma is sufficiently enriched in volatiles, expansion can be catastrophic, resulting in explosive eruptions.
For nonexplosive eruptions, a significant amount of volatiles is lost after leaving the conduit [Cashman et al., 1994] .
This occurs as preexisting fluids passively rising through the lava, as new fluids coming out of solution, and as gases released as incompatible phases upon crystallization (often referred to as "second boiling"). Volatile exsolution forms vesicles in the lava, lowering bulk density [Moore, 1965; Moore et al., 1985] . [Moore, 1965; Batiza and Vanko, 1984; Moore et al., 1985] and has been modeled quantitatively [MacPherson, 1984] . Submarine tholeiitic basalts generally contain~0.1-0.5 wt % H20 [Moore, 1965 [Moore, , 1970 MacPherson, 1984; Dixon et aL, 1988] and < 0.2 wt % C02 [MacPherson, 1984] . The relationship between depth (pressure) and solubility is different for each volatile phase and depends in part on the amount of initial volatiles in the melt [MacPherson, 1984] . However, in general, it has been found that CO2 exsolves at all ocean depths, H20 mostly at depths < 500-2000 m (-50-200 bars), and SO2 mostly at depths < 200 m (-20 bars) [Moore, 1970; MacPherson, 1984; Dixon et al., 1988] .
To For the purposes of the comparative analyses in this paper, a standard vesicle content of 30 vol % on land is used to compare to Venus and the seafloor (Table 2 ). This vesicularity Figure 2 ]. The negligible effect of H20 on vesiculation at these pressures relative to that of CO2 lets a range of preeruptive water contents be assumed as opposed to specific values.
Only in the unlikely case in which the preemptive H20 content of basalt exceeds -1 wt % will water act to increase vesiculation over the amounts considered here. Volatiles not exsolved will remain in the melt. Of these, water is of primary interest due to its effect on viscosity (see below). Tholeiitic basalts on land commonly have H20 contents of the order of 0.05 wt % [Peck et aL, 1966] , whereas those on the seafloor range from about 0.1 to 0.5 wt % [Moore, 1965 [Moore, , 1970 MacPherson, 1984; Dixon et al., 1988] .
Unfortunately, the solubility of H20 as a function of pressure at low pressures is poorly known, making it difficult to predict the amount of water retained in a melt as a function of pressure and initial volatile content.
To get around this, MacPherson [1984] extrapolated a function from 0.05 wt % H20 at l bar to a known solubility at 1000 bars that followed a linear relationship between mole fraction H20 and the square root of pressure, a functional dependence found at pressures greater than 1000 bars [Hamilton et al., 1964; Khitarov and Kadik, 1973] : H20 wt % = 0.0889p I/2 _ 0.039.
(la)
The shape of such a curve reproduces, to a certain extent, the greater degree of exsolution observed at pressures less than -50- 200 bars, but it also predicts too much water for seafloor lavas.
A better approximation is a function that intercepts 0.05 wt % at 1 bar and 0.1-0.5 wt % at 250 bars.
Here, 0.5 wt % H20 is used for the seafloor to provide consistency with the discussion of vesiculation above. When this is done, it is found that granitic melt loses~1 wt % H20 for a 100 bar (0.01 GPa) decrease in pressure at low pressures [Burnham, 1979; Philpotts, 1990, p. 194] . Therefore, a typical subaerial rhyolite with 3 wt % H20 would have about 4 wt % H20 on Venus (Table 2 ).
Density
The average bulk density of basalt is greater at depth on the seafloor than it is near the surface or on land. This is illustrated in Figure  I , where Hawaiian basalts erupted at pressures greater than 20 bars are seen to have densities greater than 2700 kg m "3. At pressures less than 20 bars, density is variable and can be as low as 1850 kg m "3. The density dependence on depth is primarily due to the decrease in vesiculation with increasing pressure [Moore et al., 1985] . Bulk density (p) is related to the solid density (p,), and vesicle fraction x by p = pr( I-x). * Bulk densities assume a solid density for basalt and rhyolite of 3000 and 2200 kg m"3, respectively.
contents discussed above and assuming a solid density of 3000 kg m -3, basalts on the seafloor, Venus, and land should have bulk densities of 2850, 2700, and 2100 kgm , respect_vel_ (Table 3) .
Similarly, with a solid density of 2200 kg m [Murase and McBirney, 1973] , the bulk densities of rhyolite on Venus and land are 1980 and 1540 kg m -3, respectively. Therefore, lavas on Venus and at 2500 m on the seafloor will be Oenser than those on land by a factor of -1.3 and 1.4 , respectively. For the remainder of this paper, bulk density is assumed wherever "density" is discussed.
Thermal Parameters
The effective thermal conductivity (k) in vesicular rock depends both upon the conductivity of the rock itself and radiative and convective heat transfer through the gas in the vesicles [Robertson and Peck, 1974; Keszthelyi, 1994] . The heat transfer through the gas is relatively inefficient compared to that in the rock, so that the effective conductivity of the bulk rock decreases as vesiculation increases. The lower vesicularities predicted on Venus and the seafloor relative to land will cause conductivities to be higher. Using values for basalt at 1423 K [Keszthelyi, 1994, Figure 4] , conductivities are predicted to be -1.3 and 1.5 times greater on Venus (10% vesicles) and the seafloor (5%), respectively, compared to land (30%).
Rhyolite conductivities are approximately the same as those for basalt [Robertson, 1988] and should show a similar dependence on vesicularity. A more useful thermal parameter is the thermal diffusivity, r, which controls the rate at which temperature changes in a conductively cooling body. It depends on the conductivity, density, and specific heat (c) of the rock: z, = 2X, t'vr_.
(Sa)
The symbol k_ is a constant and is found iteratively using (5a) and the following equation: Crust thickness as a function of time since eruption is shown in Figure 4 . For times before 1000 s, quenching is assumed and the thickness is that of glass (equation (4)). At 1000 s, the depth of the solidus isotherm is of the order of I cm deeper than that of the glassy crust. Crystallization should begin in earnest by about 104 s. After this time, thickness is computed from equation (5). At times between 11300 and 104 s, the amount of glass will be decreasing and crystals increasing. Therefore the curves for glass from equation (4) at times before 1000 s have been manually connected in Figure 4 to those for crystallization at times after 104 s. Although schematic, this illustrates the transition from the production of glassy crust to that of crystal-rich crust with latent heat at times of a few thousand seconds and depths of a few centimeters. Figure  4 of McBirney and Murase [1984; after Khitarov and Lebedev, 1978] and extrapolating the curve to low water contents, it is found that adding a few tenths of a weight percent of H20 to a nearly dry melt at~1000 Pa s lowers its viscosity by a few hundred Pa s, Unfortunately, ambiguity in how to extrapolate the curve and in the precise shape of the curve itself prevents an accurate determination of viscosity for the solubilities used here for Venus (0.3 wt % H20) and the seafloor (0.5 wt % H20). Rather, it is assumed that molten basalt viscosities on land, Venus, and the seafloor are 1000, 800, and 700 Pa s, respectively.
These are correct in a relative sense and are probably accurate to within a few tens of percent. As discussed above, the pressure dependence of volatile exsolution should cause rhyolites on Venus to have -1 wt% more H20 than those on land. For 1073 K rhyolite, going from 3 wt % H20 (land) to 4 wt % H20 (Venus) reduces viscosity from -108to 3 x 107pa s (800°C curve in Figure 5 of Shaw [1963] ).
However, the log viscosity versus wt % H20 curve used to derive these numbers is very generalized, so such exact values are relatively meaningless. Therefore, for the sake of simplicity, it will be assumed that molten rhyolites on land have a viscosity of 108 Pa s and those on Venus 107 Pa s (Table 4) . This is consistent with other experimental data showing that the addition of 1 wt % H20 to silicic melt reduces ON BASALT AND RHYOLITE LAVAS km from the vent [Moore, 1987] . The viscosity of the glassy crust itself is much higher than that of the molten or bulk flow. As measured in the laboratory, the glass transition temperature is approximately coincident with a viscosity of 1012 Pa s for a range of silicate compositions [Bottinga,1994; Bottinga et al., 1995; McMillan and Wolf, 1995; Richet and Bottinga, 1995] . Therefore this value will be used for the viscosity of glassy crusts of basalts and rhyolites on Venus, land, and the seafloor (Table 4) . This viscosity value is only relevant for a limited amount of time because as the outer parts of the glassy crust cool below the glass transition, the viscosity will increase in an Arrhenian et al., 1995] .
Furthermore, after about 104 s, the influence of glassy crust will wane and that of crystal-rich crust will increase (Figure 4) . However, the drop in temperature as glass cools and crystallization commences will increase the yield strength of the lava [Murase and McBirney, 1973; McBirney and Murase, 1984] (see below), so that unless applied stresses are very high, viscous deformation will cease. Therefore at times greater than about 104 s flow morphology will probably be more affected by the magnitude of the yield strength, and the consideration of even higher crust viscosities is probably not necessary.
Yield Strength
Many lavas possess a yield strength that must be exceeded for deformation and flow to occur. 
Lava Flow Shapes
This section examines how the different densities and theologies in the three environments affect lava flow shapes. A radially extruding lava flow on a flat surface in a gravity field will spread due to the buoyancy driving force equal to [Griffiths and Fink, 1993] Pg'H2R.
The driving force per unit length L of a flow extruded from a line source, such as a rift, is
where g" is the reduced gravity, H is the height at the center of the flow (elevation difference between the flow top and underlying flat surface), R is the flow radius, and p is the lava bulk density
[Griffiths and Fink, 1993]. The reduced gravity, or buoyancy, is expressed as
O)
where g is gravity and laa is the density of the ambient fluid. The value of g" is significant for submarine flows. The density of water (1000 kg m -3) causes a submarine flow to have about 1/3 less effective gravity than it would on land.
The analyses in this paper assume lava flows are extruded on to a flat surface.
However, many flows are erupted on the flanks of volcanoes or on sloping plains. In these cases, the driving force in the downslope direction is increased by an amount proportional to sin0, where 0 is the topographic gradient.
However, for a given slope the differences in thc relative magnitudes of driving forces, and therefore, flow morphology, between compositions and among environments will be the same as they would be on a flat surface. Therefore slope is not explicitly considered in the analyses and discussions below.
The driving forces per unit volume (pg') for the model basalts and rhyolites used in this paper are given in Table 3 . Driving forces on Venus and the seafloor are derived using the lava densities appropriate for those environments.
The values in parentheses
show what the driving forces would be using land densities.
On 
yield stresses in the flow interior (buoyancy-plastic-interior (BP1)), (3) Newtonian shear stresses in the crust (buoyancy-Newtonian-crust (BNC)), and 4) yield stresses in the crust (buoyancy-crust-strength (BCS)). The fifth is a regime in which overpressure from the lava extrusion is dominant (pressure-crust-strength (PCS)) and is resisted by a brittle shell [lverson, 1990] . The other regimes do not consider extrusion pressure. However, this factor will not systematically vary in the three environments. Therefore, for the purposes of evaluating relative differences of lavas on Venus, the seafloor, and land, it can be effectively ignored. Aspect ratio (A) is a more useful parameter than height or radius alone for characterizing gross shape and is commonly used in comparing flows and constructs on different planets, where detailed morphometric data are generally lacking [e.g., Fink et al., 1993; Bridges, 1995] . An understanding of the factors that control aspect ratio is therefore important in the study of planetary volcanology. Aspect ratio is defined as:
[from a point source) and
[from line source). Equation (8a) 
The subscript c refers to parameters of the outer lava crust. Complete derivations of the original equations are givin by Griffiths and Fink [1993] .
Appropriate values of E, Ec, F, and Fc, for basalt and rhyolite in the three environments are given in Table 4 .
Density
(9), viscosity (r I, tic), yield strength (o', _L.), buoyancy (g'), and thermal diffusivity (r) are the parameters that determine the aspect ratio of flows for a given volume and effusion rate.
To get a relative sense of how aspect ratios compare within each regime, values are normalized to basalt on land in Table  5 and plotted against volume (assuming an effusion rate of 10 m:_s 7) in Figure 5 or (2) lava flows pass through more than one regime as they cool, but aspect ratios are "imprinted" in one regime and change little in other regimes.
We can consider flows to be either crust-rich or crust-poor. This is dependent upon both the cooling rate and extrusion rate [Fink and Griffiths, 1990] . The driving forces of flows with very thin or no crust are inhibited mostly by interior viscosity (BNI) or interior yield strength (BPI).
On Earth, eruptions with rapid extrusion rates, in which large volumes of lava are extruded before crust forms, are strongly affected by these regimes.
Examples of such high extrusion rate lavas include submarine sheet flows [ Gregg and Fink, 1995, 1996] Their huge lateral dimensions are a likely consequence of rhyolite having a lower viscosity and being able to flow farther than rhyolite on Earth.
A major caveat to these hypotheses is that other factors, such as extrusion rate and eruption history, also influence flow morphology. They must also be considered, in addition to ambient factors, in explaining volcanic landforms on Venus.
